Myxoma virus, a poxvirus previously considered rabbit specific, can replicate productively in a variety of human tumor cells in culture. The purpose of this study was to determine if there was efficacy or toxicities of this oncolytic virus against experimental models of human malignant gliomas in vitro, in vivo, and ex vivo in malignant glioma specimens. In vitro, the majority of glioma cell lines tested (7 of 8, 87.5%) were fully permissive for myxoma virus replication and killed by infection. In vivo, intracerebral (i.c.) myxoma virus inoculation was well tolerated and produced only minimal focal inflammatory changes at the site of viral inoculation. U87 and U251 orthotopic xenograft models were used to assess myxoma virus efficacy in vivo. A single intratumoral injection of myxoma virus dramatically prolonged median survival compared with treatment with UVinactivated myxoma virus. Median survival was not reached in myxoma virus-treated groups versus 47.3 days (U87; P = 0.0002) and 50.7 days (U251; P = 0.0027) in UV-inactivated myxoma virus-treated groups. Most myxoma virus-treated animals (12 of 13, 92%) were alive and apparently ''cured'' when the experiment was finished (>130 days). Interestingly, we found a selective and long-lived myxoma virus infection in gliomas in vivo. This is the first demonstration of the oncolytic activity of myxoma virus in vivo. The nonpathogenic nature of myxoma virus outside of the rabbit host, its capacity to be genetically modified, its ability to produce a long-lived infection in human tumor cells, and the lack of preexisting antibodies in the human population suggest that myxoma virus may be an attractive oncolytic agent against human malignant glioma. (Cancer Res 2005; 65(21): 9982-90) 
Introduction
Malignant gliomas continue to be a major therapeutic challenge. These are highly invasive and rapidly growing tumors that are refractory to available treatments. Long-term survivors are very rare (1) and the median survival for patients with the most malignant form of glioma, glioblastoma multiforme, is only about 1 year; this has not changed significantly in the last 30 years.
Oncolytic viruses are emerging as promising new experimental therapeutics (2) (3) (4) (5) (6) (7) (8) and several have been tested experimentally (9) (10) (11) (12) (13) and clinically (14) (15) (16) (17) (18) (19) in gliomas. The ideal oncolytic virus should have several properties, at least some of which are obvious. These include efficacy in vitro and in vivo against a broad range of tumors and relative selectivity for tumor cells so that normal, nontransformed cells are spared. The basis of the ability of the virus to selectively infect and kill tumor cells is known for only a few oncolytic viruses. Some oncolytic viruses usurp the signaling pathways of tumor cells, such as Ras (20, 21) or p53 (7, 22) , to allow a lytic infection in tumor cells to occur. Others rely on the defects in IFN signaling pathways or defects in translational control which are present in cancer cells (23) (24) (25) . Other desirable properties of an oncolytic virus include the ability to engineer the virus (e.g., to enhance its beneficial properties) and a nonpathogenic profile in humans so that it is safe for patients, their contacts, and society at large. Having recently discovered the oncolytic properties of myxoma virus for a broad spectrum of human cancer cells in vitro (26) , we considered myxoma virus as a promising platform in vivo because its genome has been sequenced, it is straightforward to engineer, its tropism is highly restricted (to European rabbits), and there is a lack of acquired immunity to the virus in the human population (27) .
Myxoma virus is a poxvirus and has a large double-stranded DNA genome that allows for the potential insertion of large (25 kb), therapeutically relevant, eukaryotic genes (27) . Myxoma virus is a rabbit-specific virus and causes a lethal disease termed myxomatosis in the European rabbit (Oryctalagus cuniculus). Its species selectivity is so narrow that it was used to control the disastrous feral rabbit population in Australia in the 1950s (28) . Importantly, it is nonpathogenic for all other vertebrate species tested including humans (28, 29) . Despite this extremely narrow species host range, myxoma virus can productively infect certain non-rabbit cells in vitro including immortalized baby monkey kidney fibroblasts (BGMK), primary murine cells genetically deficient in IFN responses (30) , and a number of different human tumor cells in vitro (26) . Cancer cells are well known to be deficient in their IFN responses (23, 24) . Here, we evaluate myxoma virus as a novel oncolytic agent against experimental gliomas in vitro, in vivo, and ex vivo against human malignant glioma surgical specimens. We show for the first time that myxoma virus has oncolytic properties against human tumor cells in vivo. It infects and kills the majority of human glioma cells tested, is safe when administered intracerebrally (i.c.), and ''cures'' most mice when administered intratumorally in orthotopic human malignant glioma models. Further, it infects and kills all primary glioma cells tested that were obtained directly from glioma surgical specimens.
Materials and Methods

Cell Lines
Glioma cell lines and murine fibroblast NIH 3T3 cells were purchased from the American Type Culture Collection (ATCC; Manassas, VA). Cells were grown in DMEM/F12 (Hybri-care, ATCC, Manassas, VA) containing 10% fetal bovine serum (FBS) at 37jC in a humidified 5% CO 2 incubator. All cells were passaged until they reached f80% confluence, harvested by trypsin treatment, and replated in medium. Each cell line was tested routinely for Mycoplasma contamination.
Virus and Cell Infection
A derivative of myxoma virus (strain Lausanne), designated vMyxgfp (31), was used. The virus contains a green fluorescent protein insert located between open reading frames M135R and M136R of the myxoma genome. The virus was propagated and titered by plaque formation on BGMK cells. UV-inactivated dead myxoma virus was prepared by irradiating vMyxgfp with UV light for 1 hour. Cells were incubated with indicated multiplicity of infection (MOI) of live vMyxgfp or dead myxoma virus for 1 hour at 37jC, after which the virus was removed from culture and replaced with fresh culture medium and the culture resumed at 37jC, 5% CO 2 until use in subsequent experiments. Phase-contrast and fluorescent images of cells were taken using a Carl Zeiss inverted microscope (Axiovert 200M) mounted with Carl Zeiss digital camera (AxioCam MRc).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazoium Bromide Assay
Cells grown to 50% to 60% confluence were infected with different doses (MOI = 0, 1, and 10) of vMyxgfp. Cell viability was measured at 72 hours postinfection by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazoium bromide (MTT) assay, as previously described (32) .
Immunohistochemistry
Frozen sections were fixed with 4% paraformaldehyde for 10 minutes followed by four washes with PBS. The sections were exposed to the primary antibody (M-T7, rabbit polyclonal anti-myxoma serum diluted 1:1,000 in PBS containing 2% bovine serum albumin) for 12 hours at 4jC. The biotinylated anti-rabbit immunoglobulin G (Vector Laboratories, Burlingame, CA) was used as a secondary antibody. ABC immunohistochemistry kit (Vector Laboratories) was used to carry out immunostaining. Sections were mounted and viewed with a Carl Zeiss microscope (Axiovert 200M) mounted with a Carl Zeiss digital camera (AxioCam MRc).
Western Blot
Cells were infected with 5 MOI of vMyxgfp as described above. After 12 or 24 hours, cells were washed with PBS and subsequently lysed. Protein concentrations of cell lysates were measured by bicinchoninic acid protein assay. Protein samples were separated by SDS-PAGE followed by electroblotting onto nitrocellular membrane. Polyclonal myxoma virus antibodies (M-T7 and Serp-1, recognizing early and late myxoma virus gene products, respectively) and horseradish peroxidase-conjugated secondary antibody were used to detect myxoma virus proteins. Blots were probed with a pyruvate kinase antibody for a protein loading control.
Viral Culture
Viral culture from cells. Cells were infected with 0.1 MOI of vMyxgfp. At indicated time points after infection, cells were washed with PBS and collected by trypsinization. Appropriate amount of glass beads (G8772, Sigma) was added into cell suspension (glass beads covered approximately half of the cell suspension). Cells were broken by vortexing using a yeast cell beater (Sunon SF-11580A, Sunonwealth Electric Machine Industry Co. Ltd.) for 50 seconds at 4jC. The lysates went through a freeze-thaw process thrice. Viral titer within collected cell lysates was determined on BGMK cells. Briefly, BGMK cells were incubated with serial diluted lysates at 37jC, 5% CO 2 , for 48 hours. Green fluorescent foci were viewed and counted under a Zeiss Axiovert microscope under a 2.5Â low power lens. Viral titers based on 10,000 BGMK cells were then calculated.
Viral culture from tissues. Animals were perfused before euthanization. Tissue samples were homogenized using a Pellet Pestles Kit (VWR International, Edmonton, Canada) or homogenizer (Ultra-Turrax T25, Janke & Kunkel, Germany) and followed by a freeze-thaw protocol to release virus from cells. Supernatants were clarified by centrifugation and diluted accordingly. Myxoma virus titers were determined by focus formation on BGMK cells as described above.
Animals
CD-1 nude mice ( female, 6-8 weeks old) were purchased from Charles River Canada (Constant, Canada). The animals were housed in groups of three to five in a vivarium maintained on a 12-hour light/dark schedule with a temperature of 22 F 1jC and a relative humidity of 50 F 5%. Food and water were available ad libitum. All procedures were reviewed and approved by the University of Calgary Animal Care Committee.
Safety and Toxicity Study in Nude Mice
We administered myxoma virus i.c. in nude mice to test whether this approach was safe. Mice were anesthetized and burr holes drilled 1.5 to 2 mm right of the midline and 0.5 to 1 mm posterior to the coronal suture through a scalp incision. A 5-AL syringe was used to inject either 5 Â 10 6 plaque-forming units (PFU) of vMyxgfp or dead myxoma virus (2-6 AL) at a depth of 3 mm under guidance of a stereotactic frame (Kopf Instruments, Tujanga, CA), as previously described (32) (33) (34) . Animals were monitored closely for possible neurologic disorders with body weight recorded every other day. We followed these animals for different lengths of time after infection until they were sacrificed. Brains and major organs were saved and analyzed pathologically.
In vivo Studies in an Orthotopic Glioma Model in Nude Mice
Two orthotopic glioma animal models established with glioma cell lines, U87 and U251, were used to test the efficacy of myxoma virus in treating this disease. The stereotactic techniques used to implant glioma cells in the right putamen have been described (32) . Briefly, mice were anesthetized, a burr hole was drilled through a scalp incision, and glioma cells (5 Â 10 5 cells/mouse) were inoculated under guidance of a stereotactic frame (Kopf Instruments), as described above. Twelve days later, when microscopic tumors grew and animals were asymptomatic, a single intratumoral injection of 5 Â 10 6 PFUs of either live vMyxgfp or dead myxoma virus was administered stereotactically. For experiments to assess tumor size, animals were sacrificed 35 days (an arbitrary time point) after tumor implantation. To sacrifice them, animals were anesthetized, perfused intracardially with PBS, and then fixed with 4% paraformaldehyde. Then we cut the whole brain into coronal sections, selected the section with the largest tumor, and then measured the tumor area and the area of the whole brain using ImagePro. All of the brains and major organs were examined histologically. Animals losing z20% of their body weight or having trouble ambulating, feeding, or grooming were sacrificed. For experiments assessing survival, animals were monitored for 130 days when we arbitrarily terminated the experiment. All the animal experiments were carried out in accordance with the Care and Use of Experimental Animals Guide issued by Canadian Council on Animal Care.
In vivo Viral Distribution Studies in an Orthotopic Glioma Model
Nude mice with established U87 xenografts in their brain were inoculated with vMyxgfp (5 Â 10 6 PFUs) on day 20 (rather than day 12 as above) after tumor implantation, as otherwise described above. Animals were sacrificed at the following time points after infection: days 1, 7, 14, 21, 35, and 42. At the time of sacrifice, the animals were perfused with sterile PBS and the brain tumor tissues were either saved frozen for viral culture or embedded in optimum cutting temperature compound for H&E staining and immunohistochemistry for myxoma virus. Protein imaging of green fluorescent protein virus was visualized under a whole body fluorescence imaging system (32, 33, 35) . Briefly, for high-magnification imaging, this system uses a Leica MZ-FLIII fluorescence stereomicroscope equipped with 100-W mercury-vapor burner and mounted with a Kodak DC 2900 digital camera (32) . Images were processed and analyzed by using Photoshop 6.0 and Image-Pro Plus software. 
Myxoma Virus Efficacy Studies in Bilateral Brain Tumor Model
To determine if vMyxgfp virus can target remote tumor cells in the brain, we established a dual tumor model by implanting U87 cells (3 Â 10 5 cells/ mouse/side) in both hemispheres of nude mice and injecting vMyxgfp in one tumor only (i.e., the ipsilateral tumor) by a direct single intratumoral administration. For experimental assessment of survival, animals were followed until they lost z20% of body weight or had trouble ambulating, ) . B, cells infected with different MOIs of vMyxgfp were evaluated for viability by MTT assay at 72 hours postinfection. U87 and RG2 cell lines were very susceptible. The U118 cell line was much less susceptible and a significant proportion of cells were killed only at 96 hours and an MOI of 10 (data not shown). BGMK and NIH 3T3 were used as positive and negative controls, respectively. C, myxoma viral protein synthesis was evident after virus infection. An increase in both early (M-T7) and late (Serp-1, an indicator of virus replication) viral gene products was detected in glioma lines and BGMK by Western blot analysis, 12 to 24 hours after myxoma virus infection (MOI = 5). Pyruvate kinase was used as a protein loading control. D, myxoma virus replicates within glioma cells. Cells were infected with vMyxgfp (MOI = 0.1) followed by collection of cell lysates at the indicated times after infection. Viral titers were determined by plaque titration on BGMK cells. Viral titers increased in cell lysates of all glioma cell lines although only minimally in U118 and U251. -y-, U118; -o-, U87; -E-, BGMK; -5-, U251; --4--, 3T3. 
Primary Human Glioma Cultures
Patients samples from human gliomas were obtained following brain tumor surgery from the operating room of the Foothills Hospital (Calgary) and short-term cultures were established. This study was approved by the Conjoint Medical Ethics Committee. A neuropathologist confirmed the histopathologic diagnosis. Briefly, the specimen was split in half and fixed in 10% formalin (to confirm its identity) or placed in DMEM/F12 with 10% FBS. Tissue was then washed several times, transferred to a 35-mm tissue culture dish, cut into small pieces (f1 mm in diameter), and dissociated with trypsin (0.25%) and 50 Ag/mL DNase for 30 minutes at 37jC. After filtering and washing with DMEM/F12 (20% FBS), cells were resuspended in 20% FBS in DMEM/F12 and plated (10,000-200,000 cells/well) in 96-well plates. Cells were infected the following day with vMyxgfp virus, both live and UV inactivated, at MOIs of 0.1, 1, and 10. Cell viability was measured at 48 hours postinfection by MTT assay and cytopathic effect and green fluorescent protein virus internalization were obvious 40 hours after infection as previously described.
Statistical Analyses
Statistical Analysis Software (SAS Institute, Inc., Cary, NC) and GraphPad Prism (version 4, GraphPad Software, Inc., San Diego, CA) were used for statistical analyses. Survival curves were generated by the Kaplan-Meier method. The log-rank and Mann-Whitney tests were used to compare the distributions of survival times and tumor sizes, respectively. All reported P values were two-sided and were considered to be statistically significant at <0.05.
Results
Myxoma virus productively infects and kills most human malignant glioma cell lines. We analyzed the permissiveness of infection and cell killing by vMyxgfp of eight established malignant glioma cell lines [six human (U87, U118, U251, U373, U343, and A172) and two racine (RG2 and 9L)]. The majority of these (7 of 8, 87.5%) were permissive to infection although to different degrees (Fig. 1A) ; U87 was the most permissive whereas U251 and U118 were scored as semipermissive. A cell line was defined as permissive to myxoma virus infection when visible green fluorescent protein-expressing foci were formed. The permissive cell line BGMK was used as a reference line. We next examined susceptibility of these lines to cell killing (Fig. 1B) and found similar results. The malignant glioma cell lines tested were susceptible to killing with myxoma virus whereas U118 was the least susceptible. Seven of eight (87.5%) cell lines were considered fully susceptible (>80% killed and lysed by 10 MOI myxoma virus) to live vMyxgfp 72 hours after infection (Fig. 1B) whereas it took 96 hours for >80% of U118 cells to be killed (data not show). Cells receiving either dead myxoma virus or no virus remained fully viable.
We then confirmed that glioma cells supported a productive infection by examining early/late viral gene expression and postinfection viral titers. We selected three glioma cell lines which spanned the spectrum of susceptibility to myxoma virus (the highly susceptible U87, less susceptible U251, and least susceptible U118), the fully permissive control BGMK, and the semipermissive rodent cell line NIH 3T3. These five cell lines were infected at an MOI of 5, samples were collected at 12 and 24 hours after infection, and cell lysates were prepared for Western blot analysis. To examine viral gene expression, early and late gene products were analyzed by Western blot. Both M-T7, a 35 kDa myxoma virus protein expressed and secreted early in infection (Fig. 1C) , and Serp-1, a 55 kDa myxoma virus protein secreted late in infection, were seen in all cell lines tested and roughly correlated with susceptibility to infection. For example, the most susceptible line U87 (and the positive control line BGMK) expressed the highest levels of early and late viral gene products whereas the least susceptible lines (U118 and NIH 3T3) had the lowest levels of expression. We then quantified the virus titers on the indicated cell lines (Fig. 1D ) and found that viral titers varied significantly between cell lines and mirrored their susceptibility. Remarkably, viral titers obtained in U87 cells were as high as BGMK cells, suggesting that this malignant glioma cell line was very efficiently infected. Viral titers in the less susceptible lines NIH 3T3, U251, and U118 were significantly lower. Hence, myxoma kills human malignant glioma cell lines and they support varying degrees of productive myxoma virus infection.
The intracerebral administration of myxoma virus is safe in nude mice. To determine if myxoma is safe when administered i.c. in immunocompromised (nude) mice, we tested the highest dose (5 Â 10 6 PFUs) that we delivered in this study. Others have reported Figure 2 . i.c. administration of myxoma virus is safe in nude mice. A, nude mice receiving live vMyxgfp (live vMyxgfp, 12 mice) i.c. showed a slight lose in body weight the first week after virus administration although this was not significantly different than dead myxoma virus-treated (4 mice) animals (two-way ANOVA, P = 0.6360). The mice appeared normal throughout the experiment and none died. B, histologic changes in the brain of live vMyxgfp-treated mice showed mild focal inflammation and some minor lymphocytic and microglial infiltration at the site of viral inoculation (right two columns ; top, Â25; bottom, Â400) but not in the dead myxoma virus-treated animals (left column ; top, Â25; bottom, Â400). There was no diffuse meningoencephalitis, hydrocephalus, or other significant abnormalities. Casing represents regions that are magnified.
that myxoma virus is safe when administered into the brains of immunocompetent mice (30) . There was a slight trend for live vMyxgfp-treated animals to lose some body weight within 2 weeks of viral administration but this difference was not statistically significant (compared with dead myxoma virus-treated animals; two-way ANOVA, P = 0.6360; Fig. 2A ). Histologic examination of the brains showed minimal inflammation (lymphocytes, microglia, and macrophage infiltration; Fig. 2B ) and no evidence of a diffuse meningoencephalitis. Similarly, the subarachnoid space, subependymal regions, and ventricles were normal. Therefore, because this dose was well tolerated i.c., we used this dose in our therapeutic experiments. Myxoma virus produces long-term survival in two animal models of human malignant glioma. We compared the in vivo effectiveness of myxoma virus against a highly susceptible cell line in vitro (i.e., U87) to a line which was somewhat less susceptible in vitro (i.e., U251). Accordingly, we implanted U87 malignant glioma cells into the putamen of nude mice and, 12 days later, administered a single dose of 5 Â 10 6 PFUs/mouse vMyxgfp intratumorally. Thirty-five days after tumor implantation, the animals were sacrificed and tumor size measured. All dead myxoma virus-treated animals had large tumors (occupied, on average, 9.16% of coronal sections of the brain) whereas macroscopic tumor was found in only two live vMyxgfp-treated animals (occupied, on average, 0.359% of coronal sections of the brain; Mann-Whitney, P = 0.0029; Fig. 3A ). We then repeated these procedures but measured survival. We found that a single myxoma virus intratumoral administration dramatically prolonged survival and 87.5% of live vMyxgfp-treated animals were long-term survivors (Fig. 3B) and were apparently cured. The median survival of live vMyxgfptreated animals was not reached because only one of eight (12.5%) died ( from progressive tumor). In contrast, all dead myxoma virustreated animals died (100%) with a significantly shorter median survival of 47.3 days (log-rank, P = 0.0002). This survival experiment was repeated with similar results. We next repeated the above experiments with U251 orthotopic animal model and found similar results. Tumor size was compared 35 days after tumor implantation (and 23 days after viral Figure 3 . A single intratumoral administration of myxoma virus produced smaller tumors and prolonged survival in both U87 and U251 orthotopic human glioma animal models. U87 and U251 human glioma xenografts were established in brains of CD-1 nude mice. Twelve days after tumor implantation, animals were injected intratumorally with myxoma virus (5 Â 10 6 PFUs/mouse) or dead myxoma virus (control). A, animals were sacrificed on day 35 and tumor size was measured. U87 tumors were significantly smaller in the live vMyxgfp-treated group than in the dead myxoma virus-treated group (tumors occupied 0.359% versus 9.16% of coronal sections of the brain, respectively; Mann-Whitney, P = 0.0029); most live vMyxgfp-treated animals had no visible microscopic tumors. B, live vMyxgfp-treated nude mice with orthotopic U87 xenografts survived significantly longer after a single administration of vMyxgfp (5 Â 10 6 PFUs/mouse) delivered intratumorally. Live vMyxgfp-treated mice had a significantly longer survival (median survival not reached) than dead myxoma virus-treated animals (median survival, 47.3 days; log-rank, P = 0.0002). Only one of eight (12.5%) live vMyxgfp-treated animals died whereas all (100%) dead myxoma virus-treated animals died. The experiment was arbitrarily terminated on day 130. A similar result was found using the U251 orthotopic human glioma animal model. C, the U251 tumors were significantly smaller in the live vMyxgfp-treated group than in the dead myxoma virus-treated group (tumors occupied 3.77% versus 31.66% of coronal sections of the brain, respectively; Mann-Whitney, P = 0.0419). D, median survival was also significantly longer in the live vMyxgfp-treated (none of the animals died) than the dead myxoma virus-treated group (live vMyxgfp not reached versus 50.7 days; log-rank, P = 0.0027). E, histologic examination of the U87 orthotopic glioma model showed large tumors in the putamen of dead myxoma virus-treated mice (left column ; top, Â25; bottom, Â400) but showed only microscopic residual tumor cells and focal calcification in live vMyxgfp-treated mice. Most live vMyxgfp-treated mice also had slightly dilated ventricles (middle and right columns ; top, Â25; bottom, Â400). F, myxoma virus protein was detected within the microscopic residual U87 tumor cells in the brain of live vMyxgfp-treated animals (right column; top, Â25; bottom, Â400) 130 days after infections, but not in the dead myxoma virus-treated animals (left column; top, Â25; bottom, Â400). inoculation). Tumor size was significantly smaller in live vMyxgfptreated (occupied, on average, 3.77% of coronal sections of the brain) than dead myxoma virus-treated animals (occupied, on average, 31.66% of coronal sections of the brain; Mann-Whitney, P = 0.0419; Fig. 3C ). In U251-bearing mice, the survival was also significantly longer in live vMyxgfp-treated mice and none died. The median survival of dead myxoma virus-treated mice was 50.7 days (log-rank, P = 0.0027; Fig. 3D ). This survival experiment was repeated with similar results.
Histologic examination of U87-bearing mice showed all dead myxoma virus-treated animals died with large tumors at the site of implantation (Fig. 3E) . In the live vMyxgfp-treated group, six mice (75%) had no microscopic tumor and the others (25%) had residual tumors which were usually very small (<1 mm; Fig. 3E ). Myxoma virus protein was detected by immunohistochemistry in microscopic residual tumor cells in live vMyxgfp-treated mice (Fig. 3F) . Similar results were seen in the U251 orthotopic model (data not shown).
Myxoma virus produces a selective, productive and longlived infection in human gliomas in vivo. We implanted U87 cells into the brain of nude mice and, 20 days later, inoculated vMyxgfp intratumorally as described above. We chose 20 rather than 12 days (used above) because these tumors were slightly larger and easier to image. Animals were sacrificed at different times after infection and tumor-containing brain regions and regions of the brain without visible tumor were examined using immunohistochemistry for myxoma virus antigens and fluorescent imaging of green fluorescent protein-labeled myxoma virus and viral culture. We found green fluorescent protein expression only at the site of viral inoculation and limited to within the tumor and not within other areas of the brain. Green fluorescent protein expression lasted at least 42 days although the tumors were very small (Fig. 4A) . There was no green fluorescent protein expression in the dead myxoma virus-treated animals. Similarly, results were confirmed by immunohistochemistry for myxoma virus protein (Fig. 4A) . To further examine whether the virus was viable, we isolated tissue from both the site of tumor/viral inoculation and the opposite hemisphere of the brain at each time point and did virus culture on BGMK cells in vitro. We found an increase in viral titers of more than 1 log, which peaked on day 14 and persisted at least 35 days (Fig. 4B) . Importantly, we did not find any infectious myxoma virus in the contralateral, noninoculated, brain.
Myxoma virus inhibited tumor growth in the ipsilateral inoculated tumor but not in the noninoculated tumor in the contralateral hemisphere. We implanted both hemispheres of the brain with U87 cells and, 12 days later, administered intratumorally a single dose of 5 Â 10 6 PFUs/mouse (or dead myxoma virus) only in the ipsilateral tumor. We found that a single ipsilateral myxoma virus inoculation did not prolong survival (log-rank, P = 0.1386; Fig. 5A ). Histologic examination showed all live vMyxgfp-treated animals had large tumors arising from the contralateral, noninoculated, hemisphere. The ipsilateral tumors which were inoculated with virus were very small (see arrow) or not detectable (Fig. 5B) .
Myxoma virus infects and kills human gliomas obtained from surgical specimens. To determine whether myxoma oncolysis also occurred in primary cultures from brain tumor surgical specimens, we tested 10 ex vivo brain tumor specimens derived from 2 glioblastoma multiforme, 1 anaplastic oligoastrocytoma, 1 anaplastic oligodendroglioma, 1 oligoastrocytoma, 1 lowgrade oligodendroglioma, 2 mixed oligoastrocytoma, and 2 meningiomas. vMyxgfp infected and killed all 8 (100%) primary glioma cultures but had no effect on the 2 meningiomas cultured. Viral proteins were detected in live vMyxgfp-treated glioma cells using indirect immunofluorescent microscopy (Fig. 6A) . Dead Figure 4 . Myxoma virus infection is selective, productive, and produces a long-lived infection in human gliomas in vivo. A, vMyxgfp expression was limited to the tumor and was not found in any normal brain areas under bright-and dark-field imaging (first and second rows , respectively). Fourth row, low-magnification images of H&E-stained sections. U87 allografts were established followed by intratumoral vMyxgfp inoculation. Animals were sacrificed at different times postinfection and tumor-containing brain regions and regions of the brain without visible tumor were examined using immunohistochemistry for myxoma virus antigens (third row ) and fluorescent imaging of green fluorescent protein expression (second row ). Green fluorescent protein expression and viral antigens were visualized only at the site of viral inoculation in the live vMyxgfp-treated animals. No evidence of virus replication was detected in the dead myxoma virus-treated animals. B, quantification of intratumoral virus replication in virus inoculation side (-E-) and contralateral side (-n-) for both live vMyxgfp-and dead myxoma virus-treated animals. Virus titers (log PFUs/10,000 cells) at days 1, 7, 14, 21, and 42 postinfection [points, mean (n = 3/time point); bars, SD]. Virus titers increased by >1 log and peaked 14 days after inoculation in virus inoculation (tumor) side. Both dead myxoma virus-treated tumors (not shown) and normal brain regions (contralateral) had no viable virus recovered. Viral cultures were done on BGMK cells by plaque assay. myxoma virus-treated tumor specimens remained healthy and continued to proliferate. MTT assay showed that all glioma samples were susceptible to vMyxgfp infection (Fig. 6B ). A172 glioma cell line was used as a positive control for myxoma virus susceptibility. The number of specimens was small but these data suggest that myxoma oncolysis could be effective in a substantial portion of primary human gliomas.
Discussion
This is the first demonstration of the potential usefulness and minimal toxicity of replication competent myxoma virus against experimental models of human cancer in vivo. What makes this particularly surprising is that, until recently (30), myxoma infection was considered to be a rabbit-specific phenomenon and myxoma virus was thought to be incapable of infecting cells from any other species (including humans). Here, we made several observations: First, myxoma virus infects and kills most glioma cell lines in vitro. Second, it has marked efficacy without significant toxicities in vivo in the immunocompromised nude mouse host. Third, it produces a remarkably long-lived persistent infection in tumor cells in vivo that could potentially be very important therapeutically. These observations, when coupled with several other properties of myxoma virus (26) , suggest that myxoma virus warrants further evaluation as an oncolytic agent against malignant glioma and other cancers.
Until recently, myxoma virus was regarded as a rabbit-specific virus that causes the fatal disease termed myxomatosis in European rabbits (28) . However, species-specific host cell surface receptors for poxviruses have never been identified and it is now believed that intracellular events downstream of poxvirus binding and entry determine whether a poxvirus infection will be ''permissive'' or ''nonpermissive'' (36) . Despite this very narrow host range in nature, myxoma virus can productively infect certain non-rabbit cells in vitro such as immortalized BGMK and primary human dermal fibroblasts (depending on how long they have been passaged; ref. 37). And it is now becoming clear that the intracellular milieu following virus binding and entry is critical in determining if a productive myxoma virus infection will occur (30, 31, 37) . In untransformed cells, kinase-mediated signal transduction pathways seem to be important (31) . As well, type 1 IFN responses are key determinants of poxvirus infection (37) . Hence, the host range and apparent species specificity of myxoma virus infection are linked directly to the intracellular environment and IFN responsiveness of the host cell (36) .
The mechanism underlying the tropism of myxoma for human cancer cells remains to be better elucidated. The first report of the ability of myxoma to infect human tumor cell lines in vitro was recently published (26) . In that report, the myxoma gene product M-T5 (an ankyrin repeat protein) was critical for late viral gene expression in tumor cells but this observation did not explain the mechanism of action. Other viruses which are sensitive to IFN and are also oncolytic include vesicular stomatitis virus (23, 24) , Newcastle disease virus (38) , and, to a lesser degree, the poxvirus vaccinia (39, 40) . Whether the oncolytic properties of myxoma are dependent on defective IFN signaling in human tumor cells or other intracellular events is the subject of ongoing work in our laboratories. 1, and 10) . A, a representative line derived from a patient with a glioblastoma multiforme. Forty hours after viral infection, cultures were visualized for cell killing by cytopathic effect (phase-contrast; top ) and viral production (visualized by green fluorescent protein fluorescence; bottom ); magnification, Â100. B, cell killing was quantified by MTT assay 48 hours after cells were infected with vMyxgfp. A172 glioma cell line was used as a positive control for myxoma susceptibility.
In this report, we did not exhaustively compare the specificity of myxoma virus for tumor cells with untransformed cells in vitro but rather relied on the specificity we observed for human gliomas in vivo. We took this approach because the results of in vitro testing can be somewhat misleading because the susceptibility of primary human fibroblasts to myxoma virus infection in vitro depends exquisitely on the number of times these cells are passaged (37) . For example, human dermal fibroblasts are permissive to infection by myxoma virus at low passage number whereas high passage fibroblasts can lose the ability to support a productive infection (37) . Hence, until the proper conditions are identified to test the specificity of myxoma in vitro, we regard in vivo testing as the most relevant demonstration of specificity and lack of toxicity. Furthermore, from a practical perspective, testing in nonhuman primates and ultimately in clinical trials will definitively determine the safety and specificity of myxoma. The only time that myxoma virus was tested in humans, over 50 years ago, there was no infectivity or pathogenicity of any kind (29) . And there has never been a report of myxoma virus infection in humans despite widespread release of the virus to control feral rabbit populations (41) .
One of the most surprising findings of our study was the longlived myxoma virus infection we found in tumor tissues in vivo. Intratumoral viral titers increased for at least 14 days following viral inoculation and persisted for at least 35 days. This is in contrast to our experience with reovirus (another oncolytic virus) in which glioma cell killing occurs rapidly in vivo and of which viral titers begin to decrease after 24 hours (34) . Whether this property will be beneficial or limiting in a clinical setting is unknown but suggests the possibility that myxoma virus may be particularly well suited to the approach of augmenting the oncolytic effect of the virus with the sustained delivery of therapeutic gene products. The addition of therapeutic genes [such as TRAIL (42) , tumor necrosis factor (43) , or the prodrug cytosine deaminase (44) ] may enhance the therapeutic effect of oncolytic viruses. Replication competent vectors show superior delivery of therapeutic gene products when compared with replication-defective viral vectors (45) . Hence, in future studies, we will add a variety of therapeutic genes using myxoma virus as a platform to combine its oncolytic effect with a cytotoxic approach.
Our study has several limitations. First, our in vivo model is immunocompromised and this limits the generalizability of our findings. Second, the ability of an oncolytic virus to infect and kill remote (invasive or metastatic) tumor cells is critically important in the treatment of cancer in general and gliomas in particular. Myxoma virus infection did not cause regression of glioma tumors in the contralateral, noninoculated, tumors. We are currently determining strategies to facilitate infection and killing of remote glioma cells by manipulating the immune response and by using alternative strategies of delivery (e.g., blood-brain barrier breakdown or intra-arterial delivery).
